Oil fly ash has been reported to be a good source for the production of carbon nanotubes (CNTs). Recently, these CNTs were evaluated as lubricant additives in sunflower base oil and were found to exhibit excellent tribological properties. In this work, these CNTs were tested as lubricant additives in 100SN, 500SN and 150BS Saudi Aramco base oils. The results on other commercial carbon nanostructures like multiwall and single wall CNTs and graphene are also included in this study for comparison. Excellent tribological performance was obtained with CNTs of fly ash at a very small concentration. The observed reduction in values of the friction coefficient between two metallic surfaces using these CNTs was found to be superior to those of other carbon nanomaterials. The value of the friction coefficient was reduced by around 20% at a concentration of 0.1 wt%. These values were also investigated as a function of load, speed and temperature. The rheological behaviour showed that the viscosity of the 0.1 wt% CNTsimpregnated 500SN oil is almost invariant compared to that of the pure one. It is therefore suggested that CNTs of fly ash may be a good lubricant additive to minimize the friction and improve the fuel economy.
Introduction
Nanoscience and nanotechnology being an interdisciplinary area of research offers opportunities for scientists in different areas to explore the possibilities of new ndings. Several nanostructures have been produced and studied for use in different systems and devices. Amongst them carbon nanostructures have received huge attention and have been extensively produced and investigated. One of the interesting carbon nanomaterials is carbon nanotubes (CNTs), 1 which have been widely studied and evaluated for different applications. A carbon nanotube is a tubular structure having hexagonal rings of carbon atoms. These tubes can reach up to millimeters in length and have diameters in the nanometer scale. This structure, in addition to their excellent mechanical properties, could attract much attention for utilizing CNTs in a variety of applications. A number of procedures and methods have been developed to synthesis CNTs. [2] [3] [4] [5] [6] [7] [8] [9] [10] However, the mass production of this nanomaterial using these methods is still an issue. Due to limited success in the large scale production and cost effectiveness of CNTs, they could not be included with the wide range of cost effective products made from polymers or rubber. Therefore, many research groups from different institutes are still working to nd out a suitable, simple and cost effective method using cheap precursors for CNTs synthesis so that this important nanomaterial could be produced at a large scale for variety of applications. One of the recent reports suggesting the production of carbon nanotube using oil y ash at large scale is interesting and may open up the possibilities for industrial applications of CNTs. It has been reported that this important nanomaterial can be produced using the chemical vapor deposition (CVD) method by utilizing oil y ash as a catalyst and co-precursor in the same time. 11, 12 This ash is available in huge quantities as a solid waste and has a good amount of unburned carbon, which is more than 80%. 13 This solid waste carbon rich material is not yet tried to be utilized as a source for nanostructures production. Salah and his group 11, 12 showed the conversion of this y ash into CNTs and utilized them for different applications. Further, they reported that pure carbon content in the oil y ash is high, which has been extensively evaluated for the conversion into nanostructures and utilized for variety of applications.
Manufacturers of cars engines and similar machines are continuously are focussing on the design of engines with minimum fuel consumption and maximum kinetic energy. One of the most important solutions is to use high efficiency lubricants. These lubricants are mostly made from mineral-based oil, which is produced by "petroleum extraction and syntheticbased oil". One of the most common lubricant oil is the engine oil. It is used at large scale mainly for reducing friction and then fuel consumption. It is useful also as "a coolant, cleaning the trapped particles from machinery sheds, and as a sealant that could block the surface from contaminants". Manufacturers of lubricant oils normally use to add a chemical additive for improving the tribological performances. But, the search is continued for better chemical additive to improve the tribological performances (i.e. lubrication, friction and wear).
A number of research groups have employed different nanoscale materials as lubricant additives to enhance the tribological performances. For instance, TiO 2 , CuO and nanodiamonds were studied as additives by Wu et al.
14 Amongst these nanostructures, CuO nanoparticles provided better result. The results showed that the friction coefficient was reduced by 18.4% as compared to that of standard base oils. Diamond and SiO 2 nanoparticles were also evaluated as additives by Peng.
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They also found that "both the nanoparticles used as additives in liquid paraffin in small concentrations showed better antiwear and anti-friction properties than that of pure paraffin oil". Zhang et al. 16 studied "CaCO 3 nanoparticles as additives in blank PAO (poly-alpha-olen) and PAO containing CaCO 3 nanoparticles". They reported that these nanostructures signicantly improved the tribological performance of PAO base oil. Still a lot of work is focussed on the evaluation of variety of nanostructure additives. However, there are many challenges such as the cost of these nanostructures and their poor mechanical properties, which are not still addressed and requires rigorous studies in this direction.
Carbon nanotubes have been recognized as excellent additives in lubricant oils. They are also found to be suitable for studying the sliding wear behaviour of other lubricant materials. The use of CNTs as lubricant additives has been reported by several groups.
8,17-20 Self-lubricating metallic nanocomposites reinforced by different nanomaterials including CNTs have also been reported. 21, 22 Although the quantities needed (percentage) as additives are small, the cost of CNTs is still a big challenge. The agglomeration associated with CNT dispersion limits the use of this material at large scale. Recently, we have reported the results on use of CNTs of carbon rich y ash as a lubricant oil additive. 23 These nanotubes were evaluated as lubricant additives in a sunower base oil. Excellent tribological results were observed by using these CNTs. In this work, CNTs produced from oil y ash have been evaluated as lubricant additives in Saudi Aramco base oils. These oils include 100SN, 500SN and 150BS, which are quite popular as lubricant oils used for car engines and other machines. Other commercial carbon nanostructures like multiwall, single wall CNTs and graphene were also included in this study for comparison. The CNTs of oil y ash along with the other commercial carbon nanostructures are dispersed in the above mentioned base oils, and then the friction coefficient values are measured and investigated in more details. The result of y ash CNTs are found to be superior as they could signicantly reduce value of the friction coefficient. These results suggest that the CNTs of y ash can be considered as an ideal lubricant additive.
Experimental

Materials synthesis
The synthesis of carbon nanotubes of oil y ash was adopted by the same method described earlier.
11,12 They were grown using the low pressure chemical vapor deposition technique. Fly ash powder, which has been used as a catalyst and co-precursor for CNTs growth was collected from the Jeddah power plant (Saudi Arabia). The other carbon nanomaterials, which are multiwall, single wall CNTs and graphene were obtained from AdNanotech, India (http://www.ad-nanotech.com/). They were used without further treatment or functionalization. The samples were characterized by scanning electron microscope and Raman spectroscopy. The used lubricant oils in this experiment were collected from Petroment Company (Jeddah, Saudi Arabia). The raw materials of Petroment base oil was obtained from Saudi Aramco Company. Three different base oils were included in this study, which are 100SN, 500SN and 150BS. The specications of these oils are listed in Table 1 . 
Friction coefficient measurements
The friction coefficient values were measured at room temperature using a Tribometer model, TRB-S-DE-0000 CSM Instruments, Switzerland. The protocol used for these measurements are similar to those reported earlier. 23 Specic amount of the desired nanomaterial according to the calculated concentration was included into the base oil and the dispersion was assisted by stirring the mixture for 1 h followed by sonication for another 1 h. The ball-on-disk test was used at the desired applied load with a rotation on the disk at diameters in the range 2-5 mm. The used substrate was of polished steel, while the balls are of 6 mm coated with 100 Cr steel". The measurements were conducted at a linear speed 0.5 cm s À1 with a 10 m sliding distance.
The friction coefficient readings of the minimum, maximum and mean values were recorded. Different concentrations by weight of the as-grown CNTs of oil y ash were dispersed in 500SN base oil and were evaluated to optimize the best concatenation for minimum friction. The friction coefficient values for CNTs of oil y ash were also studied as a function of load, speed and temperature. The average value of the data recorded from three tests was taken every time. The presented results show only the average values of these measurements. The rheological measurements were performed in the temperature range 25-100 C using an AR-G2 Rheometer. Raman spectra of these carbon nanomaterials samples i.e. graphene, MWCNT, SWCNT, and CNTs of y ash, were also recorded and are presented as Fig. 2(a-d) . These spectra show the usual peaks of the corresponding carbon nanostructures.
Results and discussion
The obtained results are in accordance with those reported in the literature. The G, D and 2D bands of these graphitic materials were observed at their regular positions at 1575, 1340 and 2680 cm À1 respectively. [25] [26] [27] The RPM breathing mode of SWCNT is also shown at 142 cm À1 . 28 These results conrm that these carbon nanomaterials have perfect structures.
The carbon nanomaterials were tested as additives in a typical base oil, which is 500SN. The obtained results for the friction coefficient values were recorded and tabulated in Table 2 . The base oil 500SN has been selected to identify the best carbon nanostructure in term of friction reduction at a xed concentration, which is 0.1 wt%. This concentration was found to be the optimum for obtaining the best lubrication result in our earlier study. 23 The friction coefficient for the start, minimum, maximum and mean values are shown in Table 2 . These values were recorded at a xed load, which is 4 N. The mean value for the pure oil is found to be 0.158. This value was observed to decrease on the addition of the above additives. The minimum value for the friction coefficient was observed by adding CNTs of y ash, which is 0.129. The other carbon nanostructures i.e. SWCNT, MWCNT and graphene showed relatively smaller reduction. Fig. 3 represents a plot of the mean friction coefficient values for these nano additives mixed in 500SN base oil at a concentration of 0.1 wt%. This gure clearly shows that CNTs synthesized from oil y ash have the best result, which is in agreement with earlier results on the application of CNTs of oil y ash in the sunower oil.
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The above results showed that CNTs of y ash has the best lubrication performance amongst other carbon nano-additives and is evaluated in other base oils of Saudi Aramco. The results presented in Table 3 show the friction coefficient values for pure and CNTs of y ash impregnated base oils of 150BS, 100SN and 500SN. These oils were mixed with CNTs of y ash at a concentration of 0.1 wt%. A considerable reduction in values of the friction coefficient by adding this tiny concentration of y ash-CNTs into these base oils was observed. The reduction in the values of the friction coefficient in case of 100SN and 500SN is relatively higher than that of 150BS base oils. This difference may be related to the nature of these oils and their viscosities. Nanocomposites made of graphene oxide (GO) nanosheets and copper borate (CuB) nanoparticles were recently reported by Li et al. 29 to improve the tribological properties of the base oil 150SN, 100SN and 500SN. They reported a good dispersion stability of the nanocomposites in the base oil aer their modication with oleic diethanolamide, however, the used additive concentration was high, which is 4.0 wt%. In the present study, a very tiny concentration of y ash-CNTs i.e. 0.1 wt% has signicantly decreased the friction between the two sliding surfaces. Moreover, these CNTs were used as synthesized without any modications or functionalization. This may be a unique property of CNTs produced from y ash. The inclusion of some active radical sites in CNTs were reported earlier.
23 Such radicals could enable the CNTs to be adhered into the metal surface, which results in the reduction of friction.
The mean values for the friction coefficient were also plotted for the CNTs impregnated 500SN base oil as a function of CNTs concentrations (Fig. 4) . The gure shows a drastic drop in values of the friction coefficient below 0.1 wt%. Beyond this value, this curve starts to gradually increase. The pure oil samples and CNTs impregnated 500SN base oil are also shown in the inset of Fig. 4 . A homogeneous dispersion of the CNTs within the 500SN base oil can be observed. It is quite interesting to get the optimum value for less friction at tiny concentration of CNTs i.e. 0.1 wt%. It is possible that the higher concentrations of these nanotubes could form large clusters. 17, 30 The clusters may be formed and agglomerate within the oil as a result of the overlapping over each other. Also there may be some attractive forces existing between the surfaces of these CNTs. 23 These clusters are expected to have less satiability between the two sliding surfaces during the motion as compared with individual nanotubes, thereby showing higher frictions. Small consternations of y ash CNTs (<0.1 wt%) perhaps will not be enough to protect the surface. In other words, there will not be enough material to cover the surfaces completely and reduce the friction between them (i.e. some gaps and holes on the surfaces will be their). These observations are similar to those reported by other workers.
17,30
Fig . 5 shows a plot of the friction coefficient values against time and distance for pure and CNTs of y ash impregnated 500SN base oil at a typical concentration (0.1 wt%). The plots in the insets are the corresponding extended views for these curves. The steady states are observed in these curves on the whole range, which is 10 m. It is clear from this gure that the uctuation in the curve of CNTs impregnated 500SN base oil is much smaller than that of the pure oil. This is a remarkable result, which may be due to the reduction in the surface roughness. The presence of these nanostructures can smoothen the surface and minimize its roughness. In other words, these nanostructures will ll the gaps and holes in the surface, which results in less uctuation in value of the recorded friction coefficient. High surface roughness is well known to show high uctuation in values of the friction coefficient.
31 These nanoadditives may provide a solution to minimize this uctuation by putting a protective layer. Ideally, this layer should be of a material that have high mechanical strength to bear the high loads and protect the surfaces during the sliding motion. The extended values for this curve shown in the inset of Fig. 5 have uniform repeating patterns, which may be a good indication for the formation of uniform portative layers with no clusters. The presence of clusters within the formed layer on the surface may show non-uniform and higher uctuations.
The mean values of the friction coefficient for pure and CNTs impregnated 500SN base oils (at 0.1 wt%) were recorded as a function of load. The obtained results were plotted and presented in Fig. 6 . With increasing the load from 1 to 10 N, the friction coefficient value was observed to increase from around 0.053 to 0.255 for pure 500SN base oil and from 0.031 to approximately 0.227 for CNTs impregnated base oil. It is clear that the CNTs impregnated oil show improved tribological performance at different loads as compared to that of the pure oil. The increase in values of the friction coefficient as a function of load is well documented in the literature 32 and may be attributed to the nanostructures deformations, which enhances the rolling effect. Nevertheless, addition of small amount of CNTs into these base oils also gives a considerable reduction in the friction coefficient values under different loads.
The sliding speed has a great inuence on the friction coefficient values using lubricant oils. Fig. 7 represents a plot for the mean values of the friction coefficient as a function of speed for CNTs impregnated 500SN base oil. The sliding speed was changed from 0.025 to 5 cm s À1 . It is observed that the friction coefficient value was decreased by increasing the speed, particularly at low speeds. This value was dropped from around 0.141 at a speed of 0.025 cm s À1 to approximately 0.075 at 5 cm s
À1
. This result is almost in agreement with the . The plots in the insets are the corresponding extended views for these curves. Stribeck curve and the observed trend is in agreement with that reported in the literature. 33 The super lubricity may not be achieved in this case. The two sliding surfaces in the present study have some considerable roughness; therefore, even if the speed reaching to high values, a measurable friction will still be there. Fig. 8 represents a plot for the mean values of the friction coefficient as a function of temperature for pure and y ash CNTs impregnated 500SN base oil. The obtained results were recorded at a concentration of 0.1 wt% and a load of 4 N. The friction coefficient values were observed to increase by increasing the temperature. They were increased from 0.158 to 0.192 by increasing the temperature from 25 to 100 C for the pure base oil, and from 0.129 to 0.172 for the CNTs impregnated base oil. The rate of increases in both cases is almost similar.
The increase in values of the friction coefficient may be due to the decrease in lubricant viscosity over this temperature range. This decrease in the viscosity may be due to the thermal decomposition of the lubricant oils molecules. Similar observations were also reported in the literature and the results were attributed to the decrease in lubricant viscosities. 34 In the present case, the CNTs of y ash may have less stability within the oil. Also, they may be less bonded with the molecules of the lubricant oil, particularly at high temperatures, thereby shows lower ability to make protective layers on the surface. Fig. 9 (a) shows a high resolution optical microscopy image of the used disk in this work aer the measurement. Raman spectrum of the CNTs layer aer the test is shown in Fig. 9(b) . SEM images of the formed layer of CNTs on the disk under a load of 4 N are also shown in Fig. 9(c and d) . These images were obtained at two different magnications. It is clear that the length of these CNTs aer the test were signicantly reduced as compared to those shown above in Fig. 1(d) . The intensity ratio of the G/D bands of Raman signals was also decreased. The formed layer of y ash-CNTs on this disk could acts as an effective protection layer, which results in the observed friction reduction. These nanotubes could be easily aligned under the applied load and may form this layer. It is well established that carbon nanostructures included in lubricants can form strong protective layers between sliding surfaces. 35 The formed layer in the present case still contains CNTs, but with shorter lengths. With the formation of such layer under the applied load some distraction in the CNTs can be noticed. Not only the length of these nanotubes becomes shorter, but the graphitic content in these nanotubes were also affected. The D band in Raman spectrum ( Fig. 9(b) ) becomes more prominent as compared to that of the original D band of this sample ( Fig. 2(d) ). However, the CNTs of y ash still show graphitic structure. They were not completely deformed or formed into new transferred layers.
To study the track formation and wear loss, the friction coefficient was measured at room temperature with an applied load of 10 N and 10 m sliding distance. This measurement was performed for pure as well as y ash-CNTs impregnated 500SN base oil. Dimensions of the formed tracks on the worn surfaces were measured by a surface proler. Fig. 10(a and b) shows images of the disk before and aer the test. The worn surface on the disk used with the use of only pure oil as a lubricant is shown in Fig. 10(c) . The formed wear track on the disk has average depth and width, which is equal to 970 nm and 210 mm, respectively. On the other hand, the worn surface of the used disk in the presence of y ash-CNTs within the base oil ( Fig. 10(d) ) has almost shallow track with average depth and width of 200 nm and 450 mm, respectively. It is clear that there is a signicant reduction in the wear volume by using CNTs as additive in the 500SN base oil. The specic wear rate values (specic wear coefficient) were calculated in both cases using the equation:
The specific wear rate ¼ wear volume ðm 3 Þ normal load ðNÞ Â sliding distance ðmÞ The obtained results for the specic wear rate values for both the cases (i.e. with pure and y ash-CNTs impregnated base oil) were found to be 20.37 Â 10 À13 and 9 Â 10
respectively. These noticable wear loss can be attributed to the presence of protective thin layers made from CNTs of y ash. Similar improvements in the wear volume were also reported in the literature.
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Carbon nanotubes are ideal lubricant additives due to their excellent mechanical properties. However, these CNTs showed a signicant loss in their graphitic structure aer the use. It has been reported that these nanomaterials can form a transfer layer of amorphous carbon. 37 In the present study, CNTs of oil y ash retained major content of graphitic structure aer mixing. These are remarkable results indicating that the CNTs of y ash presents a unique structure. The results of CNTs of y ash as a lubricant additive in Aramco base oils were found to be superior to those of other carbon nanomaterials. They could signicantly reduce value of the friction coefficient by around 20% at a very tiny concentration. The reason for superiority of y ash-CNTs was explained earlier, 23 which may be attributed to "the existence of active radical sites on the side wall of CNTs. These radicals might help the CNTs to adhere to the metal surface, thus reducing friction".
Rheological behaviour is another important factor needs to be investigated in the CNTs of y ash impregnated base oil. A typical concentration i.e. 0.1 wt% of CNTs was included in the 500SN base oil and then investigated "with the help of the temperature dependence of viscosity plot". Fig. 11 shows the obtained values of viscosity at a certain range of temperature for pure and CNTs-impregnated 500SN base oil. In case of pure oil, the viscosity value was observed to decrease from 0.124 to around 0.008 Pa s by increasing the temperature from 25 to 100 C. The CNTs impregnated in 500SN base oil showed similar behaviour, but with a small decrease in the viscosity values by around 12%, particularly at the low temperatures side. These results showed that the viscosity of the CNTsimpregnated base oil show only a small change in comparison to that of the pure oil. Similar results were also reported on the literature about the low effect of CNTs on the viscosity of the lubricant oil with different temperatures. 37 From the application point of view, the obtained results showed that CNTs of y ash may be recommended as a good additive in lubricant oils, used for different engines. Moreover, the low cost CNTs obtained from waste materials beside their welldispersion within the base oil is another remarkable nding.
Conclusions
In this work, CNTs produced from oil y ash were evaluated as lubricant additives in 100SN, 500SN and 150BS Saudi Aramco base oils. The obtained results were compared with those of other commercial carbon nanostructures like MWCNT, SWCNT and graphene. Excellent tribological performance was observed with CNTs of y ash at a very small concentration. The results obtained on the use of CNTs of y ash were found to be superior to those of other carbon nanomaterials. The value of the friction coefficient was reduced by around 20% at a concentration of 0.1 wt%. The friction coefficient value was observed to increase with increasing the load and temperature in both pure and CNTs impregnated oil, but it was decreased by increasing the rotation speed. The rheological behavior showed that the viscosity of the 0.1 wt% CNTs-impregnated base oil remains almost invariant compared to that of the pure base oil. These results suggest that the CNTs of y ash are ideal lubricant additives for different base oils and may be used for a broad range of lubricants.
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